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ABSTRACT

The development of debilitating complications represents a major heathcare burden asso-
ciated with the treatment of diabetes. Despite advances in new therapies for controlling
hyperglycemia, the burden associated with diabetic complications remains high, especially
in relation to cardiovascular and renal complications. Furthermore, an increasing propor-
tion of patients develop type 2 diabetes at a younger age, putting them at higher risk of
developing complications as a result of the increased exposure to hyperglycemia. Diabetes
has become the main contributing cause to end-stage renal disease in most countries.
Although there has been important breakthroughs in our understanding of the genetics
of type 1 and type 2 diabetes, bringing important insights towards the pathogenesis of
diabetes, there has been comparatively less progress in our understanding of the genetic
basis of diabetic complications. Genome-wide association studies are beginning to expand
our understanding of the genetic architecture relating to diabetic complications. Improved
understanding of the genetic basis of diabetic cardiorenal complications might provide an

opportunity for improved risk prediction, as well as the development of new therapies.

INTRODUCTION

The past few decades have seen a marked increase in the
prevalence of diabetes, with most regions of the world affected
by this global epidemic. It has been estimated that the number
of people affected by diabetes was approximately 382 million in
2013, and is estimated to increase further to 592 million by
2035, with close to 50% residing in Asia and the Western Paci-
fic region' . Furthermore, there is an increasing proportion of
young individuals being diagnosed with diabetes. In the Joint
Asia Diabetes Evaluation Program, approximately 20% of
patients with diabetes in Asia were diagnosed before the age of
40 years®, Diabetes is associated with the development of a
variety of microvascular complications including retinopathy,
nephropathy and neuropathy, but also macrovascular complica-
tions including coronary heart disease, stroke and peripheral
vascular disease. In addition to vascular complications, diabetes
is also associated with other comorbidities, including increased
risk of different malignancies, osteoporosis, depression, sleep
apnoea and reproductive disorders. Among the different com-
plications associated with diabetes, cardiovascular and renal
complications account for a major burden of healthcare costs
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associated with diabetes. For example, it has been estimated
that annual hospital costs for patients with uncomplicated
type 2 diabetes in Asia average approximately 76 international
dollars, compared with more than 1,800 international dollars
for a patient complicated by a coronary event’. Coronary
events, cerebrovascular events, heart failure, nephropathy and
peripheral vascular disease account for 60% of overall hospital
use among patients with type 2 diabetes in Asia’. Importantly,
the development of microvascular and macrovascular complica-
tions differ somewhat. While diabetic retinopathy and diabetic
nephropathy tend to develop after the onset of diabetes, the risk
of macrovascular complications, such as coronary heart disease
(CHD), might be present before the diagnosis of diabetes,
partly driven by the underlying insulin resistance and coexisting
cardiometabolic risk factors®. It has been highlighted that
patients with young-onset diabetes, with longer exposure to dia-
betes with time, are at high risk of vascular complications’ and
end-stage renal disease (ESRD)®. In Hong Kong Chinese, it was
shown that patients with young-onset diabetes before the age
of 40 years were at a substantially higher risk of cardiorenal
complications when compared with patients with onset after
the age of 40 years, with the risk mainly attributed to the
longer disease duration’. The current situation of increasing
young-onset diabetes is therefore likely to translate to further
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escalation of the number of people affected by diabetic compli-
cations. Identifications of biomarkers, such as genetic factors,
might help to identify individuals at risk of diabetic complica-
tions, and could also help to shed new light on the pathogene-
sis of diabetic complications. In the present article, an overview
of the current state of knowledge regarding recent advances in
research on genetic factors for diabetic complications, in partic-
ular, cardiovascular and renal complications, is presented.

PATHOGENESIS OF DIABETIC VASCULAR
COMPLICATIONS

Several pathways are known to be implicated in the pathogene-
sis of diabetic vascular complications. These include activation
of the protein kinase C pathway, formation of glycation end-
products and accumulation of sorbitol through the aldose
reductase pathway'®''. A unifying hypothesis has been pro-
posed, with generation of reactive oxygen species as the key
central theme linking these different pathogenetic mecha-
nisms'%. In addition to these key pathways, which are activated
by hyperglycemia, there are other important mechanisms impli-
cated in the development of diabetic complications, including,
for example, in relation to coexisting hypertension and hyper-
lipidemia, activation of the renin—angiotensin system, adipoki-
nes production, protein folding and post-translational
modifications, such as O-Glc-NAc modifications, inflammation
and growth factors (Figure 1)'"",

http://onlinelibrary.wiley.com/journal/jdi

While the development of macrovascular complications
shares similarities with those of microvascular complications,
there are also important differences. Although hyperglycemia is
an important mediator of endothelial dysfunction, one of the
earliest manifestations for vascular dysfunction, macrovascular
complications have insulin resistance, loss of insulin signaling
and progression of atherosclerosis as the central processes that
drive pathology'*. Hence, traditional risk factors for atheroscle-
rosis, including smoking, elevated blood pressure, elevated low-
density lipoprotein cholesterol as well as the mixed dyslipidemia
classically present in a diabetic state, all play a prominent role
in the development of coronary artery disease in diabetes, with
elevated glucose playing an important, but perhaps, less signifi-
cant role™. This is supported by experience from clinical trials,
which noted that the cardioprotective effect through intensive
glucose-lowering is comparatively modest'®, in contrast to the
dramatic effects of normoglycemia in reducing diabetic
microvascular complications, highlighting the central role of
hyperglycemia in the pathogenesis of diabetic microvascular
complications, such as diabetic retinopathy, with hypertension
and dyslipidemia being additional risk factors that accelerate
this process'”'®,

In addition to pathways activated by hyperglycemia, recent
studies have highlighted the importance of endogenous protec-
tive pathways that could protect against the development of dia-
betic vascular complications'®. These protective factors include
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Figure 1 | The key role of genetics and epigenetics in modulating the pathogenesis of diabetic cardiovascular and renal complications. Although
hyperglycemia is the hallmark metabolic abnormality in type 1 diabetes, the metabolic milieu in type 2 diabetes is characterized by hyperglycemia
and insulin resistance, often with coexisting hyperlipidemia and hypertension. AGE, advanced glycation end-products; PDGF, platelet-derived growth
factor; RAS, renin—angiotensin system; VEGF, vascular endothelial growth factor.
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insulin, platelet-derived growth factor, vascular endothelial
growth factor and activated protein C, which could provide new
candidate genes for studying genetic factors protective against
diabetic complications, as well as being targets for potential ther-
apies to reduce diabetic vascular complications (Figure 1).

HERITABILITY OF DIABETIC COMPLICATIONS AND
APPROACHES TO IDENTIFY GENETIC FACTORS FOR
DIABETIC COMPLICATIONS

Several lines of evidence suggest that genetic factors might be
implicated in the development of diabetic microvascular, as well
as macrovascular, complications. In the Diabetes Control and
Complications Trial, the risk of severe retinopathy was fourfold
higher among relatives of retinopathy-positive patients versus
subjects without retinopathy, suggesting familial clustering and
a possible role of genetic factors'. Subsequent studies estimated
the heritability for diabetic retinopathy to vary between 18-27%
for any diabetic retinopathy, and up to 25-52% for proliferative
diabetic retinopathy in either type 1 or type 2 diabetes®®. The
heritability of diabetic nephropathy is generally believed to be
higher than that of diabetic retinopathy, and has been reported
to range from 0.3 to 0.75 in different studies®', with one study
reporting heritability of albuminuria and glomerular filtration
rate in type 2 diabetes of 046 and 0.75, respectively, after
adjustment of covariates including blood pressure and glycated
hemoglobin®'.

An estimate of heritability for ischemic heart disease in dia-
betes is approximately 50%, whereas a heritability estimate of
carotid intima-medial thickness, a well-validated marker of sub-
clinical atherosclerosis, was reported to be 041 in type 2 dia-
betes™. Collectively, these and earlier studies support a role for
genetic factors in the pathogenesis of both diabetic microvascu-
lar and macrovascular complications, and the rationale to
search for such genetic factors.

Strategies to search for genetic susceptibility factors for com-
mon complex diseases, such as type 2 diabetes and diabetic
complications, have evolved over the years with improved
molecular technology as well as better understanding of the
genetic architecture. Earlier studies mainly utilized linkage anal-
ysis in families with clustering of cases, and examined the co-
segregation of parts of the genome (marked by microsatellite
markers) with the disease of interest (e.g., diabetic complica-
tions). Identification of linked loci found through linkage analy-
sis is usually followed up by fine-mapping of the confirmed
loci and examining candidate genes within the linked region in
functional studies. More recently, microsatellite markers have
been replaced with dense genotyping arrays consisting of hun-
dreds of thousands of single nucleotide polymorphisms (SNPs),
which are common genetic variants located across the entire
genome. These genotyping arrays were designed by leveraging
on knowledge of the genetic architecture of the human genome
gained through the HapMap project, which identified a subset
of SNPs that would capture most of the genetic variation in the
different major populations.
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Association studies are powerful ways to identify genetic
variants associated with diabetic complications. Earlier candi-
date gene studies rely on prior knowledge and understanding
of the pathogenesis of diabetic complications to look for an
association between genetic variants in genes implicated in
these pathways and the presence of diabetic complications.
Although a large number of candidate-gene association studies
have been published, many of these studies have been plagued
by the relative lack of replication for the reported association.
More recently, publication of the HapMap and advances in the
manufacturing of genotyping arrays have made possible a
hypothesis-free approach utilizing genome-wide association
studies (GWAS). GWAS have been highly successful in identi-
fication of common genetic variants for complex diseases, and
in the case of type 2 diabetes, have led to identification of over
100 genetic variants®. As will be discussed in later sections,
this approach is now also beginning to bear fruit on the search
for genetic factors for diabetic complications. There are also
ongoing studies using other technologies, such as next-genera-
tion sequencing, and the relative merits of the different tech-
niques in the discovery process will partly depend on the
frequency and effect size of the risk alleles being sought (Fig-
ure 2).

Although there will be some overlap in the genetic factors
associated with complications in type 1 and type 2 diabetes, as
shown in the subsequent section on diabetic kidney complica-
tions, there are also likely to be important differences given the
different metabolic environment associated with type 1 and
type 2 diabetes (Figure 1). Hence, for the purpose of the pre-
sent review, genetic factors associated with diabetic complica-
tions will be presented and discussed in relation to type 1
diabetes and type 2 diabetes separately.

GENETICS OF CARDIOVASCULAR COMPLICATIONS IN
DIABETES

Patients with diabetes have an approximately two- to fourfold
increased risk of coronary heat disease’. In a recent meta-analy-
sis, the association between diabetes and incident cardiovascular
disease was most notable for peripheral artery disease, ischemic
stroke, stable angina, heart failure and coronary heart disease.
In the United Kingdom Prospective Diabetes Study, clinical risk
factors associated with the development of CHD in diabetes
were elevated low-density lipoprotein cholesterol, reduced high-
density lipoprotein (HDL) cholesterol, elevated triglyceride, gly-
cated hemoglobin, systolic blood pressure, fasting blood glucose
and smoking". In studies from Asia, the major predictors of
CHD in diabetes among Hong Kong Chinese were increasing
age, male sex, smoking status, duration of diabetes, lowered
estimated glomerular filtration rate (eGFR), increasing albumin-
uria and non-HDL cholesterol”. In the Japanese Diabetes
Complications Study, the main predictors for cardiovascular
complications among patients with type 2 diabetes were identi-
fied as non-HDL cholesterol, total cholesterol/HDL-cholesterol
ratio and low-density lipoprotein cholesterol”’, and elevated
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Figure 2 | Different strategies to identify genetic factors for diseases.
Linkage analyses in families are traditionally used to identify genetic
mutations with large effects (Mendelian forms of monogenic diseases).
This strategy has now been replaced by the use of exome sequencing.
For low-frequency genetic variants (allele frequency ranging from 0.03
to 5% of population) with moderate effect, resequencing approaches
are currently being utilized. For the majority of common genetic risk
variants (minor allele frequency 5% or more) underlying common
polygenic diseases, such as type 2 diabetes, the effect size of the risk
variant is small (typically with odds ratio 1.1-1.8), and have been
identified through large-scale association studies and genome-wide
association studies. In addition, association studies in large cohorts or
trios have aided the identification of common variants associated with
quantitative traits, such as estimated glomerular filtration rate.

triglyceride was noted to be a particularly important risk factor
for incident CHD?,

Although hyperglycemia plays an important role in the
development of vascular complications in patients with both
type 1 and type 2 diabetes, recent insights from clinical trials
suggest a different risk-benefit ratio with regard to the role of
intensive glucose lowering and the prevention of cardiovascular
complications. In the Diabetes Control and Complications
Trial/Epidemiology of Diabetic Interventions and Complications
study carried out in patients with type 1 diabetes mellitus,
intensive glucose lowering was associated with a reduction in
cardiovascular events in the post-trial follow-up period®. Meta-
analysis of glucose-lowering trials in type 2 diabetes suggested a
small reduction in CHD with intensive glucose lowering'®, and
the beneficial effects of glucose lowering on CHD might only
emerge after a prolonged period of follow up®. Recent data
from the Look AHEAD Trial, whereby participants were ran-
domized to the intensive lifestyle intervention group had 31%
lower incidence of chronic kidney disease (CKD), but no reduc-
tion in CHD, suggest that although strategies to reduce car-
diometabolic risk factors are important, the benefit in reducing
cardiovascular complications could take a long time to
occur’™*, Multidisciplinary approaches targeting multiple car-

http://onlinelibrary.wiley.com/journal/jdi

diometabolic risk factors have been shown to reduce the devel-
opment of cardiovascular complications®. Hence, early
identification of at-risk individuals and implementation of early
multifactorial risk factors management might be required to
reduce the burden associated with CHD in diabetes.

Genetic Factors for CHD in Type 1 Diabetes

There are relatively few studies that have investigated the role
of genetic factors in the development of CHD in type 1 dia-
betes. An early study that investigated the role of two
functional polymorphisms in the promoter of the RAGE gene
(—429T/C and —374 T/A) and one in the advanced glycation
end-products binding domain (G82S) in 996 Finnish type 1
diabetic patients noted a reduced risk of coronary heart disease
and myocardial infarction, as well as peripheral vascular disease
in patients with the AA genotype of the =374 T/A polymor-
phism compared with those with the TT+ TA genotype™.
Another candidate gene study that examined the roles of
genetic variants in the renin—angiotensin system found that car-
riers of the TT genotype at the angiotensinogen (AGT) gene
M235T polymorphism, the insertion/deletion (I/D) polymor-
phism at the angiotensin converting enzyme (ACE) gene and
AA/AC genotype at the angiotensin type 1 receptor are at a
significantly higher risk of progression of coronary artery calci-
fication. These are some examples of the earlier studies that
explored the genetic factors for CHD in type 1 diabetes. There
are now ongoing efforts to utilize GWAS to advance the under-
standing of genetic factors underlying CHD in type 1 diabetes.

Genetic Factors for CHD in Type 2 Diabetes

Linkage Studies

Previous linkage studies have identified a few linkage regions
for cardiovascular disease-related traits in type 2 diabetes,
including linkage signal in the chromosome 19q region with
elevated triglyceride levels®® and total cholesterol’’. In the Dia-
betes Heart Study, linkage of a locus on chromosome 3 with
CVD in type 2 diabetes was noted™.

Candidate Gene Studies

Several studies have examined variants in pathways implicated
in insulin resistance, inflammation and development of vascular
complications, and the association with the risk of cardiovascu-
lar complications in diabetes. Of particular note is the large
number of studies carried out in relation to the renin—
angiotensin system and the adiponectin pathway. The D allele
of the ACE gene was first shown to be associated with
increased risk of CHD in type 2 diabetes back in 1994, with
several studies also supporting this association, though a study
in Chinese did not observe an association between the D allele
and later risk of CHD in a prospective cohort*’. Adiponectin is
an adipokine secreted by adipocytes that has anti-atherogenic
effects, and is believed to be an important link between obesity
and cardiovascular diseases*’. In a meta-analysis including four
studies, with 827 type 2 diabetes cases with CVD and 1,887
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CVD-free control participants, the +276T homozygote was sig-
nificantly associated with a 45% reduction in the risk of
CVD™. Several studies have examined the role of the peroxi-
some proliferator-activator receptor gamma Prol2Ala polymor-
phism and CHD risk, though the results appear inconclusive®~
* In a candidate gene-based study of genes for inflammation,
thrombosis, vascular tone and lipid metabolism in a prospective
cohort of Chinese patients with type 2 diabetes, variants in
SCYAIl (eotaxin), PON2 (paroxonase 2) and ADRB3 (fs-
adrenergic receptor) were independently associated with
incident cardiac events including CHD and/or heart failure®,

Insights from GWAS for CHD

Recent GWAS have identified more than 40 variants associated
with coronary artery disease”*®. Among these, several regions
appear to harbor variants that are also associated with type 2
diabetes®. For example, in the chromosome 9p21 region identi-
fied to be associated with CHD™, the cell cycle genes CDKN2A
and CDKNZB have also been implicated in a GWAS for type 2
diabetes’ . In fact, in a genome search meta-analysis to look
for shared genetic susceptibility between type 2 diabetes, CHD
and obesity, two loci in the 9p21.1-a21.32 region were identified
to be shared by type 2 diabetes, CHD and obesity*”. Other
genetic factors associated with CHD in the general population,
such as variants in PCSK9, have also been found to be associ-
ated with CHD in type 2 diabetes™.

Early replication studies of these GWAS-identified variants
for CHD have suggested heterogeneity in genetic effects among
individuals with or without diabetes. For example, it has been
suggested that variants at the 9p21 locus have a larger effect on
the risk of CHD in patients with type 2 diabetes (compared
with subjects without diabetes), particularly showing an interac-
tion with poor glycemic control®. Furthermore, in a study in
type 2 diabetes patients of variants associated with CHD (in
non-diabetic individuals), just five out of 15 variants from 12
loci were found to show consistent association with CHD in
type 2 diabetes. A genetic risk score (GRS) >8 composed of
risk variants at rs4977574 (CDKN2A/2B), 1512526453
(PHACTRI), 1646776 (CELSR2-PSRCI-SORTI), 152259816
(HNF1A) and rs11206510 (PCSK9) was associated with twofold
increase in the risk of CHD in type 2 diabetes™. Another
recent study that examined a GRS consisting of 13 or 30 SNPs
identified from GWAS for CHD in the general population
noted an association between GRS score and prior cardiovascu-
lar disease, coronary artery calcification, and cardiovascular
mortality in a cohort predominantly of African American des-
cent®. Nevertheless, a comparison of the area under the curve
for prediction or use of a net reclassification index using
genetic variants suggested that including genetic variants did
not improve prediction of cardiovascular risk above that of tra-
ditional clinical risk factors®. A study that examined SNPs
associated with HDL cholesterol levels did not detect an associ-
ation between GRS and the risk of cardiovascular mortality in
type 2 diabetes™”.
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GWAS for CHD in Type 2 Diabetes

In the first GWAS of CHD in type 2 diabetes, a total of 1,517
CHD and 2,671 CHD-negative controls with type 2 diabetes
were included in a three-stage genome-wide analysis, including
subjects from the Nurses’” Health Study and Health Profession-
als Follow-up Study, the Joslin Heart Study and the Gargano
Heart Study. One variant, rs10911021, showed a significant
association in all three stages and showed genome-wide signifi-
cance when all three stages were combined, with combined
odds ratio (OR) 1.36 (95% confidence interval [CI] 1.22—
1.51)®. Interestingly, no association was found between
rs10911021 and CHD for 737 non-diabetic CHD cases and
1,637 non-diabetic CHD-negative controls. This was consistent
with results of the interaction analysis, suggesting that the asso-
ciation between this variant and CHD appeared specific for
type 2 diabetes patients. Furthermore, among 22,233 CHD
cases and 64,762 controls from the general population included
in the Coronary ARtery Dlsease Genome-Wide Replication
and Meta-Analysis (CARDIOGRAM) Study, this variant showed
only a nominal significant association with CHD (OR 1.04,
95% CI 1.01-1.07, P = 0.01), likely representing an association
driven by the small proportion of patients with type 2 diabetes
included in CARDIoOGRAM™. The variant was not associated
with the risk of type 2 diabetes or insulin resistance, but instead
was associated with plasma markers of glutamic acid metabo-
lism and the y-glutamyl cycle, thereby providing novel insights
into the pathogenesis of CHD in patients with type 2 diabetes.
Whether this variant is also associated with the risk of CHD in
type 1 diabetes mellitus remains to be established.

Several important insights have emerged from these studies.
They highlighted some important differences in the genetic fac-
tors associated with risk of CHD in patients with diabetes com-
pared with the general population, although there is some
important overlap. Therefore, there is the need to carry out
studies to identify susceptibility genes for CHD specifically
among patients with type 2 diabetes in order to identify suscep-
tibility factors in diabetes, given the heterogeneity of effects
when compared with studies carried out in non-diabetic
individuals.

GENETICS OF RENAL COMPLICATIONS IN DIABETES

Diabetes is the major cause of ESRD and need for dialysis in
most developed countries. The clinical risk factors that are asso-
ciated with development and progression of renal complications
depend on the precise definition of the renal complications, but
typically include increasing duration of diabetes, poor glycemic
control, elevated blood pressure, dyslipidemia and other car-
diometabolic risk factors, as well as smoking. Most earlier stud-
ies on genetic factors for diabetic kidney complications have
focused on albuminuria as a phenotypic trait, and diabetic
nephropathy is most often defined as the development of sig-
nificant albuminuria, of >300 mg/24 h, for both type 1 and
type 2 diabetes. Over recent years, with increasing popularity of
estimated eGFR for defining chronic kidney disease, more
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studies have utilized the presence of CKD among diabetes
patients as a clinical end-point for diabetic kidney complica-
tions, or diabetic kidney disease. A more severe phenotype,
ESRD, defined as eGFR <15 ml/kg/m?, or the need for dialysis
or renal transplantation, is a more consistent phenotype and
usually also invariably associated with significant proteinuria.
Some genetic studies have also defined a renal phenotype based
on worsening of proteinuria or significant worsening of renal
function, although in analysis it is important to note that albu-
minuria as a quantitative trait can be readily modified by the
concomitant administration of ACE inhibitors and angiotensin
receptor blockers, as well as other potentially nephroprotective
agents.

Link between Renal and Cardiovascular Complications

It is well established that there is a close link between coronary
heart disease and renal dysfunction®®. Meta-analysis of studies
suggests that reduced eGFR rate and increased albuminuria
have an independent and multiplicative effect on cardiovascular
mortality®®®", and this relationship is similar in individuals with
or without diabetes®”. In a cohort of 2,434 Chinese patients
with type 2 diabetes, elevated serum creatinine, eGFR <60 mL/
min and urine albumin/creatinine ratio (ACR) >30 mg/g were
independent risk factors for coronary artery disease™. In a
study utilizing nationally representative cohorts from Taiwan,
the synergistic effects of diabetes and ESRD in modifying the
risk of cardiovascular complications was shown, with diabetes
and ESRD associated with twofold and fourfold increased risk
of acute myocardial infarction, respectively, but the presence of
both is associated with an almost 12-fold increased risk for
acute myocardial infarction®. This link between CHD and
CKD is partly due to a sharing of predisposing risk factors. In
addition to hypertension, other metabolic syndrome traits, such
as central obesity and hypertriglyceridemia, have also been
identified to predict the risk of incident CKD among patients
with type 2 diabetes®. Integrated management of multiple risk
factors has been emphasized for the management of patients
with diabetes and renal disease®>”’. In addition to an overlap of
predisposing clinical risk factors, it is possible that the two con-
ditions could also have shared genetic factors (akin to the sce-
nario seen in type 2 diabetes and CHD), though these have yet
to be discovered (Figure 3).

Type 1 Diabetes and Diabetic Nephropathy

The important role of genetic factors in the pathogenesis of
diabetic kidney complications was first highlighted by studies
by Seaquist et al.®®, who noted that 83% of diabetic siblings of
probands with type 1 diabetes and nephropathy had nephropa-
thy themselves, compared with just 17% of patients with type 1
diabetes without nephropathy. Similar familial clustering has
been observed in studies of diabetic nephropathy in type 2 dia-
betes, and estimates of heritability of albuminuria have ranged
from 0.3 to 0.44, with similar heritability of 0.6-0.75 for renal
traits, such as glomerular filtration rate®.

http://onlinelibrary.wiley.com/journal/jdi

Glucose
CHD Dyslipidemia CKD
) Hypertension -Proteinuria
-Atherosclerosis Obesity Deainy
Endothelial Insulin Feral
dysfunction resistance )
¢ Adipokines funciigl
?Genetic

factors

Diabetic
complications

Figure 3 | The interlinked relationship and overlap between
cardiovascular and renal complications in diabetes. In addition to
shared risk factors, there might be potentially shared genetic factors
that predispose to the development of cardiovascular as well as renal
complications in diabetes. CHD, coronary heart disease; CKD, chronic
kidney disease.

Candidate Gene Studies

A large number of studies have utilized the candidate gene
approach to examine the association with diabetic nephropathy.
The results from some of these studies are summarized in
Table 1. Although several of these showed a suggestive associa-
tion, only a few genetic variants have been confirmed to be
associated with diabetic nephropathy in type 1 or type 2 dia-
betes through large-scale meta-analyses. For example, in a
meta-analysis including 14,727 participants from 47 studies,
carriers of the II insertion/deletion polymorphism at the ACE
gene were found to have approximately 22% lower risk of dia-
betic nephropathy in both type 1 and type 2 diabetes, with the
protective effect most marked among Asians patients”’. An
updated meta-analysis with 26,580 participants from 63 studies
confirmed this earlier observation, again noting the greater pro-
tective effect of the IT polymorphism among Asians’'. Further-
more, carriers of the I allele also appear to be derive greater
renoprotection from ACE inhibition””.

Findings from GWAS of Diabetic Nephropathy in Type 1 Diabetes

The Genetics of Kidney in Diabetes study was the first success-
ful example of identifying susceptibility loci using the GWAS
approach. This study included 820 case subjects (including 284
type 1 diabetes with proteinuria and 536 with ESRD) and 885
controls (type 1 diabetes >15 years with normoalbuminuria),
and identified risk variants near two regions, FRMD3 (FERM
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domain-containing protein 3) and CARS (cysteinyl-tRNA syn-
thetase) as being associated with nephropathy in type 1 diabetes
in two different cohorts””. In addition, loci near the 7p region,
near CHN2/CPVL, and an intergenic region near chromo-
some 13q, also show a suggestive association with nephropa-
thy””.

More recently, collaborative efforts have led to an interna-
tional consortium, the Genetics of Nephropathy: an Interna-
tional Effort Consortium, which includes three existing datasets
for type 1 diabetes nephropathy, the All Ireland Warren 3
Genetics of Kidneys in Diabetes UK Collection, Finnish Dia-
betic Nephropathy Study and the Genetics of Kidneys in Dia-
betes US Study, with a total of 6,691 individuals in the
discovery phase. The 41 top ranked SNPs were genotyped in
an additional 5,873 individuals, with combined meta-analysis
showing two SNPs associated with ESRD: rs7583877 in the
AFF3 gene, and an intergenic SNP on chromosome 15q,
rs12437854. Functional analysis suggests that AFF3 modulates
renal fibrosis through the transforming growth factor-beta path-
way. In addition, analysis using the same dataset identified an
intronic SNP within the ERBB4 gene, rs7588550, to be associ-
ated with diabetic nephropathy (defined as proteinuria or
ESRD), though this did not reach genome-wide significance”.
Interestingly, in this large meta-analysis, no significant associa-
tion signal was identified for the combined proteinuria/ESRD
phenotype, suggesting this phenotype might have been too
heterogeneous. In a recent study that examined several previ-
ously identified variants associated with nephropathy in type 1
diabetes using samples from the Genetics of Nephropathy: an
International Effort Consortium, most variants were not repli-
cated, and the effect of a previously identified erythropoietin
(EPO) gene promoter polymorphism was attenuated. The
rs179975 polymorphism at the ACE gene remained nominally
significant’””. The study highlights the limitations of earlier
smaller case—control studies, often with variable phenotypes
between studies. Furthermore, it showed the need for indepen-
dent replication as well as large-scale meta-analysis of available
datasets.

Type 2 Diabetes and Diabetic Kidney Complications

Early Linkage Analyses and Other Studies

Early studies have identified several regions associated with dia-
betic nephropathy in type 1 and type 2 diabetes, including
regions on chromosome 3q, 7p, 7q, 9, 10q and 18q
(Table 1)%7°,

The largest genome-wide linkage analysis was carried out in
the Family Investigation of Nephropathy and Diabetes, which
included 2,616 individuals from 1,235 pedigrees across all eth-
nic groups, including African Americans, South-West American
Indians, European Americans and Mexican Americans. Pro-
bands had diabetes with either biopsy-proven diabetic
nephropathy, ESRD attributed to diabetic nephropathy or
CKD, whereas controls had diabetes of at least 10 years dura-
tion with no evidence of kidney disease, ascertained through
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history, eGFR and urine ACR. Approximately 90-95% of the
cohort had type 2 diabetes. Results from the Family Investiga-
tion of Nephropathy and Diabetes Study confirmed previous
linkage regions and identified novel ones. Suggestive linkage
was seen on chromosome 6p and 7p for diabetic nephropathy,
whereas regions 3p, 7q, 16q and 22q showed evidence of link-
age for ACR. There were notable differences in linkage signals
across the different ethnic groups, with the major ethnic-speci-
fic linkage signals for diabetic nephropathy being chromo-
some 6p, 7p, 7q and 1lp. The European American samples
provided the greatest contribution to the linkage signal in the
6p region’®”” The study also found linkage signals near several
loci identified through the GWAS approach, including SNPs
near the candidate region CNDPI.

Candidate Gene Studies

A large number of candidate gene studies have been carried
out for diabetic nephropathy. These have included studies of
variants in pathways implicated in the pathogenesis of diabetic
nephropathy, such as the renin—angiotensin system, polyol
pathway, protein kinase C pathway, AGE, oxidative stress,
inflammation, angiogenesis, fibrosis and apoptosis, as well as
variants in the lipid pathway'"’®. This has led to identification
of a large number of genetic variants with suggestive association
with diabetic nephropathy®. The insertion/deletion polymor-
phism in the ACE gene has been shown to be associated with
the risk of diabetic nephropathy in type 1 and type 2 dia-
betes’®”!, and was associated with incident renal end-point in a
prospective cohort of Chinese patients with type 2 diabetes™.
In a study of 41 pathway-related loci associated with diabetic
nephropathy, it was noted that a haplotype from NOX4 and
variants in ET-1 were associated with diabetic nephropathy, as
well as plasma Cu/Zn superoxide dismutase concentrations,
suggesting the SNP might be associated with nephropathy
through increased oxidative burden”.

Another group of candidate gene studies have examined the
role of genetic variants associated with type 2 diabetes to assess
its role in diabetic nephropathy. For example, the Prol2Ala
polymorphism of PPARG has been found to be strongly associ-
ated with type 2 diabetes in multiple studies. Several studies
have suggested it also has a protective role against diabetic
nephropathy®®®'. Likewise, variants near KCNQI, which have
been found to be associated with type 2 diabetes in Japanese
patients, and subsequently other populations, was also associ-
ated with diabetic nephropathy®>. A candidate gene study for
the linkage region led to identification of a trinucelotide repeat
in exon 2 of the CNDPI gene to be associated with diabetic
nephropathy (OR 2.56, 95% CI 1.36-4.84)%".

Other candidate gene studies have sought to examine the
role of wvariants identified through GWAS for diabetic
nephropathy in type 1 diabetes to explore their effects in type 2
diabetes. Analysis of four regions found to be associated with
diabetic nephropathy in type 1 diabetes, namely 7p14.3,
9g21.32, 11pl54 and 13g33.3, led to identification of the
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11p154 locus (near CARS), and the 13q33.3 region as being
associated with type 2 diabetes®. In contrast, analysis of
rs7583877 in AFF3, rs12437854 in the RGMA-MCTP2 locus
and rs7588550 in ERBB4 in Japanese type 2 diabetes patients
with nephropathy did not replicate the association previously
observed in European patients with type 1 diabetes®.

GWAS for Diabetic Nephropathy in Type 2 Diabetes

An early example that attempted to study genetic factors for
diabetic nephropathy on a genome-wide scale was a Japanese
study that investigated 50,000 gene-based polymorphisms. It
identified the Arg913Gln substitution as within the solute car-
rier family membrane 3 (SLCI2A3), a gene associated with Gil-
telman’s syndrome, as being consistently associated with
reduced risk of diabetic nephropathy®. Another early example
of genome-wide association study for diabetic nephropathy uti-
lized a high-throughput system genotyping that combined the
Invader assay with multiplex polymerase chain reactions, which
provided genotyping for 81,315 SNP loci. This led to the identi-
fication of variants within the gene, ELMOI*’. Subsequent stud-
ies replicated the association of this SNP with diabetic
nephropathy in African Americans®, as well as in the Genetics
of Kidney in Diabetes collection from the USA®’.

ELMOI expression was markedly increased in the kidney of
diabetic mice, especially in glomerular epithelial cells and tubu-
lar epithelial cells. Cells that overexpress ELMOI have increased
expression of extracellular matrix protein genes, but decreased
matrix metalloproteinases®’. Subsequent studies suggest ELMOI
mediates development and progression of chronic glomerular
injury through dysregulation of extracellular matrix metabo-
lism™.

A subsequent larger GWAS in the Japanese population iden-
tified ACACB (acetyl coenzyme A [CoA] carboxylase 2) at
chromosome 12q24.1 as a susceptibility gene for diabetic
nephropathy in type 2 diabetes. In this study, replication was
sought in two additional Japanese cohorts, as well as other East
Asians and a cohort from Denmark. ACACB encodes acetyl-
CoA carboxylase beta, which catalyzes the carboxylation of
acetyl-CoA to malonyl-CoA, thereby modulating fatty acid oxi-
dation in the kidney. A significant association was not observed
between this SNP and nephropathy in patients with type 1
diabetes”".

A meta-analysis of four studies from Japan found that the
13q region SNP, rs1411766, associated with nephropathy in
type 1 diabetes was also associated with nephropathy in type 2
diabetes™. This study highlights the potential overlap in genetic
factors for nephropathy in type 1 and type 2 diabetes, as well
as potential consistent findings across different ethnic groups
that would warrant further investigation using transethnic
meta-analyses.

Despite the large number of variants in candidate genes
identified to be associated with diabetic nephropathy, only a
minority of these has been replicated in independent cohorts.
In a meta-analysis of apolipoprotein E (ApoE) polymorphism
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and diabetic nephropathy including 6,012 patients (with type 1
or type 2 diabetes) across 23 studies, the ApoE €2 allele was
found to be associated with diabetic nephropathy with OR 1.64
(95% CI 1.26-2.13, P = 0.00027), and suggestive evidence of
protection for the ApoE &4 allele”. In a meta-analysis of repli-
cated genetic factors for diabetic nephropathy, variants in sev-
eral gene regions were consistently found to be associated with
diabetic nephropathy. This included variants in or near ACE,
AKRIBI, APOCI, APOE, EPO, NOS3, HSPG2, VEGFA,
FRMD3, CARS, CPVL/CN2, UNCI3B and GREM17.

Findings from GWAS for eGFR or CKD

Several loci have been identified through large-scale GWAS in
European populations’®, as well as other populations®**’. In
the discovery cohort of one of the studies, diabetes was present
in approximately 15-20% of study participants. In general,
these novel variants for eGFR and CKD show minimal overlap
with variants known to be associated with diabetic kidney com-
plications. These variants did not overlap with regions associ-
ated with common causes of kidney disease, such as diabetes
or hypertension, or many of the known pathways implicated in
renal disease, such as the renin—angiotensin system, but instead
implicate genes within the tubular compartment®. Recently,
the ability of these variants to predict incident CKD and ESRD
has been tested in a general, mainly non-diabetic population of
26,308 individuals followed up for a median of 7.2 years, dur-
ing which there were 2,122 cases of incident CKD. Interest-
ingly, 11 of the 16 variants examined (UMOD, PRKAG2,
ANXA9, DAB2, SHROOM3, DACHI, STCI1, SLC34A1, ALMS1/
NATS, UBE2Q2 and GCKR), were associated with incident
CKD, with six remaining significantly associated after adjusting
for baseline eGFR. Only very few of these SNPs were associated
with incident ESRD*. Although this study shows promise, the
ability of these variants to predict deterioration of renal func-
tion in a population of patients with diabetes has not been
examined.

ESRD in Diabetes

ESRD represents a severe phenotype that is closely related to
diabetic nephropathy, and is usually defined as a combination
of need for dialysis, renal transplantation or eGFR <15 mL/kg/
m’ It is worthwhile to note that studies have shown that
patients with type 2 diabetes with diabetic nephropathy charac-
terized by declined renal function and significant proteinuria
are more likely to reach ESRD than die during 3-years follow
up'®?. Nevertheless, one should bear in mind that pathologies
other than diabetic nephropathy could contribute towards
development of ESRD in individuals with type 2 diabetes.
Comparatively few studies have specifically used ESRD as the
phenotype for examining diabetic kidney complications. A can-
didate gene study identified several variants within the PRKCBI
gene to be associated with the development of ESRD in type 2
diabetes'”". Variants in the gene, PVTI, have been identified to
be associated with ESRD in both type 1 and type 2 diabetes,
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with rs2648875 showing the strongest association with ESRD in
type 2 diabetes'*>'. PVTI is co-amplified with the transcrip-
tion factor, MYC, regulates cell cycle progression and is highly
expressed in the kidney.

A recent study examined the role of 31 coding variants in 19
candidate regions for diabetic nephropathy in African American
patients with type 2 diabetes and ESRD. Variants within
OR2L8, OR2AK2, Ceorfl67, LIMK2, APOL3, APOL2 and
APOLI showed nominal association, with haplotype analysis of
common and coding variants further improving the association
signal for OR2LI3 and APOLI loci'™. The apolipoprotein L1
gene has been found to be strongly associated with non-diabetic
ESRD among African Americans, as well as ESRD in patients

with diabetes who are of African descent'®.

FROM GENETICS TO EPIGENETICS

In addition to genetic factors, there is increasing interest in the
role of epigenetics in the pathogenesis of diabetes and diabetic
complications. Epigenetics refer to the study of heritable, non-
coding changes in the deoxyribonucleic acid that might impact
on gene expression. Important epigenetic mechanisms that
could modify gene expression include deoxyribonucleic acid
methylation, histone modifications, microribonucleic acid
(miRNA) and other non-coding RNAs. Epigenetics have
become the focus of different research areas including gene—
environment interaction, developmental origins of health and
disease, as well as stem cell biology and cell differentiation. Epi-
genetic mechanisms have recently been implicated in the inter-
action of environmental factors, in particular hyperglycemia,
with the development of vascular complications in dia-
betes'*>'?”. This is particularly relevant as a potential explana-
tion of the phenomenon of glycemic memory, and the
beneficial “legacy effect” of sustained improved metabolic
milleu. Hyperglycemia have been shown to activate set-7 in
vascular tissue, which provides a potential mechanism underly-
ing glycemic memory'®. A study in the Finnish Diabetic
Nephropathy Study cohort found an association between exonic
genetic variants in SUV39HI histone methyltransferase gene
within the set-7 pathway with the risk of nephropathy in
patients with type 1 diabetes'”. Several pilot studies have been
carried out to explore the role of epigenetic factors in diabetic
nephropathy. For example, in a study that involved patients
with type 1 diabetes and diabetic nephropathy, genome-wide
methylation profiling using a methylation array identified 19
CpG sites with correlation to time-to-development of
nephropathy, including one CpG site near the UNCI3B gene,
which ribonucleic acid had been implicated through earlier
genetic studies'".

Another important epigenetic mechanism of gene expression
regulation is through miRNAs. MiRNAs are a family of novel
endogenous, small (approximately 22 nucleotides), single-
stranded non-coding RNA molecules that play a major role in
regulating post-transcriptional gene expression during develop-
ment and other stages''"'">. MiRNAs act by having the 5" end
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of the miRNA bind to the complementary target site at the 3’
untranslated region of the target messenger RNA, thereby
reducing gene expression. Several miRNAs, including miR-21,
miR-192 and miR-93, have recently been implicated in diabetic
nephropathy''>. Reduced circulating miR-126 have been
reported in patients with type 2 diabetes'"”. A detailed discus-
sion of the role of different miRNA is beyond the scope of the
current review, and readers are referred to several excellent
published reviews on this topic''"'>',

Several large-scale efforts are now underway to search for
genetic and epigenetic markers related to diabetic complica-
tions''> "%, It is hoped that these efforts will identify new
biomarkers for diabetic complications, and perhaps shed light
on novel pathways in the pathogenesis of diabetic complica-
tions.

CONCLUSIONS

Although studies so far have identified a number of genetic
variants associated with diabetic cardiovascular and renal
complications, the number of variants associated with diabetic
complications are rather limited compared with studies for
genetic variants for type 2 diabetes or type 2 diabetes-related
traits>*, This is partly related to the paucity of large well-charac-
terized prospective studies to facilitate identification of genetic
variants for diabetic complications. The current GWAS
approach to the identification of genetic factors, although suc-
cessful in identifying genetic polymorphisms with association to
the disease of interest, are also limited by the inability to confer
causality because of the difficulty in finding the causal func-
tional variants. Resequencing studies will help to identify func-
tional variants within identified regions. Finally, the need for
large sample size of well-phenotyped subjects and the current
costs associated with whole-genome genotyping or whole gen-
ome sequencing remain limitations for genetic studies, though
these are likely to become less of a barrier in the near future as
sequencing costs decrease.

Another major limitation of genetic studies in diabetic
complications relate to the different definitions used and the
difficulties relating to case ascertainment. As illustrated earlier,
different definitions of diabetic kidney complications have been
used, and in addition to different severity of coronary heart dis-
ease, there is the added difficulty relating to exclusion of under-
lying silent coronary disease among patients, especially with a
long duration of diabetes. Given the interrelationship between
diabetic cardiovascular and renal complications, future genetic
studies should also consider the potential overlap between these
complications in terms of their underlying pathogenesis.

Nevertheless, taking into account the differences in study
design, case ascertainment and other methodological issues,
findings across different ethnic groups for diabetic complica-
tions seem quite consistent. In the meta-analysis of genetic fac-
tors for diabetic nephropathy, meta-regression for variants that
have been replicated in multiple ethnic groups (ie., the ACE
rs179975, AKRBI CA repeat z-2, APOE 2/3/4 variant) and
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ethnicity did not appear to explain the heterogeneity between
different studies”. As shown in Table 1, quite a few of the loci
associated with diabetic kidney disease has also been replicated
in different ethnic groups. Future studies utilizing trans-ethnic
mapping might also help to narrow down functional variants
within candidate gene regions identified through GWAS, as
shown by the recent success utilizing this approach in studies
of genetic variants for type 2 diabetes''”. Current studies have
yet to identify genetic factors that can explain the ethnic varia-
tion in the risk of diabetic renal complications'*’. One potential
explanation that has been invoked to explain the increased risk
of renal complications in Asian patients is partly related to the
reduced risk of cardiovascular disease, which could lead to
amplification of renal disease prevalence as a result of compet-
ing mortality'*"'?*, The benefits of identifying novel genetic
factors for diabetic complications could provide novel insights
into disease pathogenesis, facilitate early identification of at-risk
subjects and might provide novel strategies for intervention to
reduce the burden of diabetic complications.
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